Mn 3 O 4 nanoparticles (NPs) are one of the most important nanomaterials, and have a wide range of applications (i.e., catalysis, solar-electron transformation and molecular adsorption). However, their biological effect remains to be detailed. In this study, we investigated the in vivo toxicity of the synthesized Mn 3 O 4 NPs using a long-term exposure model. After exposure to the Mn 3 O 4 NPs for 60-120 days, rats preferentially accumulated manganese in the livers. Histopathological observation and apoptosis assays revealed that the Mn 3 O 4 NPs caused severe liver injury associated with apoptosis.
Introduction
Manganese oxides are used in a wide range of applications, such as catalysis, solar-electron transformation, molecular adsorption, and magnetic materials.
1,2 Among them, Mn 3 O 4 nanoparticles (NPs) are of signicance owing to their excellent physiochemical properties. [3] [4] [5] Recently, abundant Mn 3 O 4 NPdoped nanomaterials were prepared and exhibited marvelous properties in catalysis, energy storage and magnetic bistability, expanding the importance of Mn 3 O 4 NPs in materials science.
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The increasing production of Mn 3 O 4 NPs requires improved understanding of their potential effects on human health and the ecological system.
To date, only a few studies have investigated the biological effect of Mn 3 O 4 NPs on mammals. [10] [11] [12] [13] The Mn 3 O 4 NPs could be internalized by the mammalian cells, resulting in reactive oxygen species (ROS) accumulation and generating cytotoxicity. 10 However, there is no evidence that ROS production is the reason driving the cytotoxicity of Mn 3 O 4 NPs. An in vivo study showed that the Mn 3 O 4 NPs might cause dysfunction of the kidneys and the brain, while the mechanism leading to this dysfunction was not explored. 13 Hence, it is highly desirable to investigate the detailed mechanisms of Mn 3 O 4 NP-caused toxicity both in vitro and in vivo.
Cytochromes P450 constitute a group of oxygenases that catalyze oxidative transformation of exogenous and endogenous compounds. 14, 15 These enzymes, mainly localized in the endoplasmic reticulum (ER) of the liver cells, 16, 17 play a critical role in efficient elimination of foreign chemical agents (i.e., toxins, drugs and heavy metals) from the body. 18 It has been recognized that cytochromes P450 (especially CYP1A2) partially contribute to production of intracellular reactive oxygen species (ROS) and lead to oxidative damage. [18] [19] [20] Given the extreme small sizes, nanomaterials might be easily internalized into the cells and frequently exposed to cytochromes P450. However, little is known about the link between cytochromes P450 and nanomaterial-induced ROS production.
The aim of this study is to investigate the in vivo effect of Mn 3 O 4 NPs with long-term exposure (60-120 d) to the mammals, and to explore possible mechanisms of this biological effect. Herein, we nd that the injected Mn 3 O 4 NPs are preferentially distributed in the livers, resulting in severe liver injury associated with apoptosis. More strikingly, this study further reveals that the Mn 3 O 4 NPs cause up-regulation of cytochrome P450, followed by remarkable ROS accumulation and oxidative damage that contributes to the toxicity.
Materials and methods

Synthesis and characterization of Mn 3 O 4 NPs
The Mn 3 O 4 NPs were synthesized according to Liu's method.
21
The obtained NPs were characterized by transmission electron microscopy (TEM, TecnaiG2 F-20, FEI, USA) and X-ray diffraction (XRD, D/max-2500, Japan).
Animals and treatment
Healthy adult specic-pathogen-free (SPF) Sprague-Dawley (SD) male rats were employed in this study. The rats (8- 
Manganese determination
The organs sampled from the treated rats were homogenized in the distilled water. The obtained homogenates were digested by 30% HNO 3 solution, and the manganese contents in the digestion liquid were determined using inductively coupled plasma (ICP-AES, Thermo Elemental, USA). 
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Histopathological analysis and immunohistochemistry (IHC) assay
The selected liver tissues were xed in 4% paraformaldehyde, embedded in paraffin, cut into 4 mm slices and mounted on glass microscope slides. Thin sections were stained with haematoxylin-eosin (H&E). The slides were then sealed and examined by light microscopy (BX-51, Olympus, Japan). For IHC assay of CYP1A2 and Sult2a1, the sections were stained with the corresponding antibodies (Abcam, USA), and then stained using an IHC kit (Dingguo, China). The stained slides were also examined by the light microscope.
Apoptosis assay
Apoptosis of the liver cells was examined using an FITCAnnexinV/PI Apoptosis Kit (SungeneBiotech, China). 22 The freshly sampled livers were homogenized in the PBS buffer, and the homogenates were ltered with cell strainers. The isolated cells were stained by FITC-AnnexinV/PI and used for apoptosis assay. The uorescence intensity of the stained cells was assessed by a ow cytometer (CaLibar, Beckton Dickson, USA), and the percent of apoptotic cells was recorded.
Western blotting
To detect the apoptosis markers (including caspase-3, Bax and Bcl-2) 23 and the ER stress reporting protein GRP78, 24 total proteins were extracted from the liver tissues using RIPA buffer (containing protease inhibitor cocktail), and then separated by SDS-PAGE. The proteins were then transferred into the polyvinylidene uoride membrane, and the proteins were detected using corresponding antibodies (Abcam, USA).
Transcription proling analysis
To investigate the transcription proling in the sampled livers, the total RNAs were extracted from the livers using the Trizol agent. The obtained RNAs were used to generate double-stranded cDNA using the SMARTTMcDNA Library Construction Kit (Clontech, USA). The obtained cDNAs were then used to construct a 454 library. Roche GS-FLX 454 pyrosequencing was conducted by IlluminaHiSeq™2000 (Oebiotech Company in Shanghai, China). Gene annotations were retrieved from the rat genome database (http://rgd.mcw.edu). Assignment of Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) terms was based on JGI annotations. Enrichment of differentially regulated genes in GO and KEGG were determined using GOSeq.
ROS, malonaldehyde (MDA), GSH and total SOD (T-SOD) assays
To examine ROS levels in the liver tissues, the liver cells were obtained by homogenization in the PBS buffer, and stained by 10 mM dihydroethidium (DHE, Invitrogen, USA) for 30 min. The stained cells were washed twice with PBS, and the uorescence intensity of DHE was determined by a uorescence microplate reader (PerkinElmer, USA, excitation wavelength 300 nm, emission wavelength 610 nm). Moreover, the oxidative stressrelated indicators in the obtained cells, including malonaldehyde (MDA), GSH and T-SOD, were further detected using the MDA assay kit (Jiancheng, China), GSH assay kit (Beyotime, China) and T-SOD assay kit (KeyGEM, China), respectively.
Statistical analysis
Each experiment was performed with three replicates, and the values represent the means AE standard deviations (SD) of three experiments. Difference between the groups were compared by Student's t-test (P < 0.05). All statistical tests were performed using the SPSS Statistics Soware (V20, IBM, USA).
Results and discussion
Characterization of the synthesized Mn 3 O 4 NPs
The structure and morphology of the as-prepared Mn 3 O 4 samples were determined by XRD, SEM and TEM. The crystalline-phase structure of as-prepared Mn 3 O 4 samples was performed by XRD. XRD patterns revealed that all diffraction peaks of Mn 3 O 4 samples are sharp and in a good line with the reported data (JCPDS card, no. 24-0734), indicative of the good crystallization and crystallinephase of as-prepared samples. No other crystalline-phase was observed in the XRD patterns, conrming that the obtained particles were pure Mn 3 O 4 NPs (Fig. 1) . SEM ( Fig. 2A and S1 †) and TEM observation (Fig. 2C and D and S2 †) showed that the synthesized Mn 3 O 4 samples presented the morphology of uniform and monodispersed nanoparticles, and no obvious accumulation was observed. Fig. 2C and D illustrate high magnication TEM surface morphology and particle size distribution of Mn 3 O 4 NPs. It was observed that Mn 3 O 4 NPs had particle sizes of 10-25 nm, with the mean size of 15 nm. In the following experiments, we used the synthesized Mn 3 O 4 NPs for investigation of biological effects.
Mn 3 O 4 NPs lead to specic manganese accumulation in the rat liver
Distribution of NPs in the body is closely associated with their biological effect. To investigate distribution aer injected with Mn 3 O 4 NPs, different organs of rats, such as the liver, kidney, brain, lung, heart and testicle, were isolated and used for manganese determination. There is no signicant difference in manganese content of kidney, brain, lung, heart and testicle between the control and the Mn 3 O 4 NP-treated rats. Interestingly, the livers of the Mn 3 O 4 NP-treated rats had signicant higher manganese contents than that of the control, and prolonged treatment time (120 d) led to increased manganese contents of the livers (Fig. 3) . Therefore, the Mn 3 O 4 NPs had preferential accumulation in the rat livers.
Mn 3 O 4 NPs cause severe liver injury
Since the Mn 3 O 4 NPs were preferentially accumulated in the livers, we suggested that the NPs might most likely have an impact on this organ. To verify this, histopathological observation of the NP-treated livers was performed. For the liver tissues of the rats at the 0 day (control), the tissues had normal hepatocytes and sinus hepaticus. The hepatocytes were arranged radically from the central vein, exhibiting clear frames and regular cell structures (Fig. 4A, 0 d) . In contrast, the liver tissues aer 60 days of treatment showed obvious inammatory cell inltration, with widened intercellular spaces and irregular veins (Fig. 4A, 60 d) . More strikingly, the tissues aer 120 days of treatment had severe inammation, with remarkably damaged veins and exfoliated cells (Fig. 4A, 120 d) .
To further conrm liver injury caused by the Mn 3 O 4 NPs, apoptosis of liver cells was examined. Flow cytometry demonstrated that the liver cells isolated from the treated rats exhibited obvious apoptosis as compared to the control (13- 27% versus 3%) (Fig. 4B) . Western blotting further revealed the signicant increased levels of the apoptosis-inducing factors caspase-3 and Bax, and the decreased levels of the apoptosisinhibiting factor Bcl-2 in the livers aer 120 day treatment of the Mn 3 O 4 NPs (Fig. 4C) . Taken together, Mn 3 O 4 NPs had a strong impact on the liver tissues and led to severe liver injury associated with apoptosis.
Mn 3 O 4 NPs up-regulate expression of cytochrome P450 and GRP78 in the liver
To investigate the toxicity mechanism of Mn 3 O 4 NPs to the rat livers, transcription proling analysis of both the untreated and treated livers was performed. Treatment of the NPs only led to up-regulation of a few genes, and this up-regulation was enhanced aer 120 days of treatment. Especially, KEGG analysis revealed that two pathways were activated by the NPs aer 120 days of treatment, including metabolism of xenobiotics by cytochrome P450 (indicated by up-regulation of CYP1A2 and Sult2a1) and protein processing in endoplasmic reticulum (indicated by up-regulation of GRP78, Climp63) (Fig. 5A) . IHC assay and western blotting further conrmed that the corresponding proteins, such as CYP1A2 (cytochrome P450), Sult2a1 and GRP78, had increased levels in the treated liver tissues ( Fig. 5B and C) . These results suggested that Mn 3 O 4 NPs not only increased cytochrome P450 levels, but also led to the activation of unfolded protein response (UPR, indicated by upregulation of GRP78 and Climp63), an indicator of ER stress. Given that the cytochrome P450 is mainly localized in the ER, it was most likely that the increased activity of cytochrome P450 might further result in ER stress, followed by activation of the UPR pathway.
Mn 3 O 4 NPs lead to remarkable oxidative stress in the liver
Cytochrome P450 is frequently associated with ROS production. [18] [19] [20] As shown in Fig. 4 , Mn 3 O 4 NPs up-regulated the levels of cytochrome P450. We hypothesized that this up-regulation caused by the NPs might be accompanied with ROS accumulation. To verify this, the ROS levels in liver cells were detected by DHE staining. As expected, treatment of Mn 3 O 4 NPs led to signicant increase of intracellular ROS levels, as indicated by the drastic DHE uorescence intensity in the treated livers (Fig. 6A) .
ROS production may cause oxidative damage of the plasma membrane, leading to generation of MDA. 25 MDA assays of the liver tissues further revealed that the MDA contents in the NPtreated livers were higher than the MDA contents in the control (Fig. 6B) . Moreover, the treated livers exhibited lower contents of the antioxidant factor GSH and decreased activity of total SOD (T-SOD) ( Fig. 6C and D) , implying that Mn 3 O 4 NPs had an impact on the antioxidant systems. These results indicated that the Mn 3 O 4 NPs caused severe oxidative stress, resulting in oxidative damage and impairment of the antioxidant systems in the liver tissues.
ROS scavenging attenuates Mn 3 O 4 NP-induced liver injury
To explore the contribution of ROS in Mn 3 O 4 NP-induced liver injury, an ROS scavenger, N-acetylcysteine (NAC) was intravenously injected into the Mn 3 O 4 NP-treated rats, and the livers were then sampled for further assays. Expectedly, NAC could remarkably reduce the NP-caused ROS production in the livers (Fig. 7A) , followed by attenuation of NP-induced apoptosis (Fig. 7B) . Therefore, ROS accumulation played the critical role in Mn 3 O 4 NP-induced liver injury.
The effect of ROS scavenging on expression of CYP1A2 (cytochrome P450), CYP1A2 activity assays, and GRP78 was further examined. Interestingly, NAC injection had no impact on the levels of CYP1A2, CYP1A2 activity assays, and GRP78 in the livers under the treatment of Mn 3 O 4 NP (Fig. 7C, D and S3 †). This implied that up-regulation of cytochrome P450 in the livers by the Mn 3 O 4 NPs led to ROS accumulation, while ROS accumulation did not inuence the expression of cytochrome P450.
Conclusion
In conclusion, this study reveals that the Mn 3 O 4 NPs preferentially accumulate in the livers, and their long-term exposure causes severe liver injury associated with apoptosis. Further investigations show that the Mn 3 O 4 NPs induce up-regulation of cytochrome P450 and ER stress, followed by ROS accumulation and consequent oxidative damage. The oxidative damage is attributable to the Mn 3 O 4 NP-induced liver injury. This study uncovers a new mechanism of Mn 3 O 4 NP-induced organ injury, and sheds a novel light on the contribution of cytochrome P450-related oxidative stress to nanotoxicity.
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